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Introduction 1
It has long been known that plant mitochondrial genomes are much larger than 2 those of animals (Ward, B. L. et al. 1981 ) and include significant amounts of non-3 coding DNA (Schuster, W. and A. Brennicke 1994). These genomes also often have 4 repeats of several kb, leading to multiple isomeric forms of the genome ( mitochondria, yet they have never been systematically identified and analyzed. In 20 addition to being infrequently and inconsistently annotated and described in 21 mitochondrial genome sequences, repeats are often described as long, short and BLAST and the flexibility of its use, and because most prior work used it, we wrote 1 and used a Python script called ROUSFinder.py that uses BLAST to identify non-2 tandem repeats within mitochondrial genomes. The parameters for identification of 3 a sequence repeat were relatively stringent and included a blastn word size of 50, a 4 percent identify cutoff of 99% and match/mismatch scores of +1/-9. Any choice of 5 parameters will necessarily identify some false positives and false negatives. These 6 parameters were chosen in order to find duplicate copies of sequence that were 7 either recently created or recently corrected by gene conversion. A duplication 8 longer than 100 bases that has several mismatches in the center of the repeat unit 9 will be identified as two different repeats in this way. However, the mismatches in 10 the center are indicative of either two independent events producing the two parts 11 of the repeat, or mutation and drift that have escaped gene conversion. Because we 12 are concerned with the recombination behavior of the repeats we therefore choose 13 to call these two different repeats. To analyze and identify repeats in a single 14 sequence for further study or annotation would require additional manual curation 15 of the output. 16 The species we used represent a significant subset of the complete mitochondrial 17 genome sequences from green plants in GenBank and are shown in Table 1 . 18
Sequences available on GenBank are not a random sample across taxa (food crops 19 are very over-represented, for example), so to reduce sampling bias somewhat we 20 used only one species per genus. Incomplete sequences or sequences with gaps are 21 not handled well by BLAST without further curation, so these were not used. Species 22 with multiple distinct chromosomes were also not used because of the additional 23 layer of complexity from inter-and intra-chromosomal repeats. The full output is in 1 Supplemental Table S1 . The repeats seen in plant mitochondrial genomes are much 2 larger than those found in random sequence (data not shown), suggesting that they 3 arise from specific biological processes and are not stochastic. For this reason we 4 call them "Repeats Of Unusual Size" or ROUS (Christensen, A. C. 2018). 5
6
BLAST is an excellent tool for identification of repeated sequences. Our script 7 automates the task of identifying repeats in both direct and inverted orientations, 8 removes the full-length match, and provides the output in a convenient format that 9
can be used for annotation or in spreadsheets for further analysis. 10
11

Phylogenetic clustering 12
The distribution of repeat sizes forms distinct clusters between the phylogenetic 13 groups (see Figure 1 ). Because there are different numbers of species in each group, 14 and some species have an order of magnitude more total repeats than others, we 15 represent the data as the fraction of species within that group that have at least one 16 repeat within a given size range. The complete output is in Supplemental Table S1 . 17
There are several complete mitochondrial genomes from chlorophytes and 18 bryophytes to compare to angiosperms. Within the chlorophytes, repeats of greater 19 than 200bp are rare. The exceptions are the prasinophytes (discussed below) and a 20 few interesting cases. Chlamydomonas reinhardtii has a 532 bp inverted repeat at 21 the termini of its linear chromosome. Dunaliella salina, Kirchneriella aperta and 22
Polytoma uvella have novel structures at a small number of loci that consist of 23 overlapping and nested repeats and palindromes (Smith, D. R. et al. 2010 ). The 1 function of these structures is unknown, but they are unusual and not common in 2 the chlorophytes. The prasinophyte group resembles the rest of the chlorophytes in 3 having no ROUS greater than 200bp but many of them include two copies of a single 4 large repeat between 9.5 and 14.4 kb. This is similar to many chloroplast genomes 5
and it is possible that this structure is involved in replication (Bendich, A. J. 2004). 6
The bryophytes generally resemble the chlorophytes; there are no ROUS greater 7 than 200bp. 8 9 In contrast to the chlorophytes and bryophytes, the Marchantiophyta (liverworts) 10 and Anthocerotophyta (hornworts) have ROUS greater than 200bp in size, but none 11 bigger than 867bp. Few taxa within the liverworts and hornworts have been 12 sequenced, so this group is underrepresented, but the members available to date are 13 consistent. The other lineages of streptophytic green algae (referred to as 14 charophytes in GenBank) resemble the chlorophytes albeit with a slightly higher 15 upper limit. In this group the largest repeat is found in Chlorokybus atmophyticus 16 and is 291bp. between 800bp and 65kbp. The total length of repeats in a species does not 5 correlate with genome size (linear regression r 2 = 0.08, data not shown), additional 6 evidence that these are not produced by stochastic processes, and suggesting that 7 they occur and change faster than speciation does. All eight of these species include one pair of long repeats, ranging in length from 1.9 10 to 9.7kb. However, these species fall into two groups. Each group has a large repeat 11 that is found as a single copy in the other group. The B. nigra group consists of R. Figure S1 ). Where two copies are present in a species there are very 5 few difference between copies, and they are generally near the boundaries of the 6 repeats. Although significant differences can arise during speciation events, both 7 copies of a repeat within a species remain identical. This supports the hypothesis 8 that copies of repeated DNA are maintained as identical sequence by frequent 9 recombination and gene conversion. related species showed that repeat differences between species were largely due to 20 rearrangements and block substitutions or insertions, which could be due to NHEJ 21 and BIR, while the two copies of the repeat were identical within a species, 22
suggesting continuing repair by gene conversion or homologous recombination. 23 1
The phylogenetic distribution of complex repeated structures in mitochondria 2 appear to be common to the vascular plants and significantly different from the 3 more primitive non-vascular taxa. This suggests that the common ancestor of 4 lycophytes, ferns and seed plants adopted a new mechanism or strategy of 5 mitochondrial genome replication and repair that led to a proliferation of repeats 6 and increases in size. Complete sequences of more species, particularly in the 7 lycophytes and ferns, is necessary to add clarity but the ancestor of vascular plants 8 evidently made a transition to increased use of double-strand break repair in their 9 mitochondria, leading to the genomic gymnastics seen today in plants. 10 
11
The analysis of repeats in the Brassica species suggests that mitochondrial genomes 12 can remain relatively static for long periods of time, but can also diverge very 13 rapidly resembling punctuated equilibrium (Gould, S. J. and N. Eldredge 1977) that 14 includes major rearrangements, sequence loss, and gain of sequences of unknown 15 origin. The mechanisms and frequency are unknown, but it suggests that a lineage 16
can experience a burst of genome recombination, breakage and rejoining, 17 dramatically rearranging and altering the mitochondrial genome, as if it had been 18 shattered and rebuilt. These events occur on a time scale that is faster than that of 19 speciation, leading to the high levels of divergence, and a lack of strong correlations 20 with the phylogeny. and repair machinery and dynamics. 14 15 We doubt that there is an adaptive advantage to large size and abundant 16 rearrangements in the genomes of plant mitochondria. We suggest that these are 17 merely correlated traits accompanying the adaptive advantage of a greatly 18 increased reliance on double-strand break repair. DNA repair is critically important 19 because damage is more likely in mitochondria than the nucleus due to the changes 20 in pH and redox potential, and the presence of reactive oxygen species. The strategy 21 followed by animals is to minimize mutational targets by reducing genome size 22 This species is notoriously resistant to ionizing radiation, but the adaptive value of 20 the trait is thought to be desiccation resistance, because dehydration also produces We are grateful to Jeff Mower and Brandi Sigmon for many helpful comments on the 1 manuscript, and Alex Kozik (UC Davis) for beta testing. ACC is grateful to Meric Table S1 . Repeat sizes of all species used in this study. Bins include 4 repeats larger than the size in the header, up to the next bin size. 5
Supplemental Figure S1 . Alignment of the long repeats from Raphanus sativus, 6
Sinapis arvensis, Brassica nigra and Brassica carinata with the homologous 7 sequences from Brassica rapa, Brassica juncea, Brassica napus polima and Brassica 8 oleracea. Part a is interleaved, and part b is in sequential fasta format. 9
Supplemental Figure S2 . Alignment of the long repeats from Brassica rapa, Brassica 10 juncea, Brassica napus polima and Brassica oleracea, with the homologous sequences 11 from Raphanus sativus, Sinapis arvensis, Brassica nigra and Brassica carinata. Part a 12 is interleaved, and part b is in sequential fasta format. 13 Chlorophyta 26 0.88 0.19 0.08 0.00 0.00 0.00 0.00 0.00 Prasinophytes 8 0.63 0.00 0.00 0.00 0.00 0.00 0.50 0.25 Anthocerotophyta 2 1.00 0.50 1.00 0.00 0.00 0.00 0.00 0.00 Marchantiophyta 4 1.00 1.00 0.50 0.00 0.00 0.00 0.00 0.00 Bryophytes 23 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Charophyta 8 0.88 0.25 0.00 0.00 0.00 0.00 0.00 0.00 Fern 2 1.00 1.00 1.00 1.00 1.00 0.00 1.00 0.00 Lycophyte 2 1.00 1.00 1.00 1.00 1.00 0.00 0.50 0.00 Gymnosperm 3 1.00 1.00 0.33 0.67 0.33 0.33 0.00 0.00 Angiosperm 58 1.00 0.97 0.43 0.43 0.43 0.36 0.26 0.41 
